Graphene based materials (GBMs) have potentials for dental and medical applications. GBMs may cause changes in the levels of cytokine released in the body. this study aimed to study the corrosion resistance of graphene oxide (Go) and Go/silver (Go/Ag) nanocomposite coated nickel-titanium (niti) alloy by electrophoretic deposition and to access the viability of human pulp fibroblasts, and the interleukin (IL)-6 and IL-8 expression level. The bare and coated NiTi samples were characterized by scanning electron microscope (SeM), energy-dispersive X-ray spectroscopy (eDS), Raman spectroscopy, surface profilometry, and X-ray diffraction (XRD). The corrosion resistance of the bare NiTi and coated NiTi samples were investigated by potentiodynamic polarization and electrochemical impedance spectroscopy in 3.5% NaCl solution. The cell viability of human pulp fibroblasts was accessed by the treated culture medium of the bare NiTi and coated NiTi alloys containing 1% fetal bovine serum. IL-6 and IL-8 expression levels were studied by human enzyme-linked immunosorbent assay (ELISA). Data were analyzed using One-way ANOVA (α = 0.05). Both the GO-coated NiTi and GO/Ag-coated NiTi alloys showed better corrosion resistance, a lower rate of corrosion, and higher protection efficiency than the bare NiTi alloy. The coated NiTi alloys were biocompatible to human pulp fibroblasts and showed upregulation of IL-6 and IL-8 levels.
Characterizations. The scanning electron microscope (SEM) images, energy-dispersive X-ray spectroscopy (EDS) analysis, and atomic force microscope (AFM) images of the bare NiTi alloy, GO-coated NiTi, and GO/ Ag-coated NiTi alloy are shown in Fig. 2 . The SEM images of the GO-coated alloy and GO/Ag-coated substrates show smooth and homogeneous morphology. Ni ions induce DNA damage and cytotoxicity in the body and Ti ions have mutagenic actions on human primary amnion cells 4 . The results from EDS analysis showed that the reduced Ni and Ti ions release from GO-coated and GO/Ag-coated NiTi compared to the bare NiTi alloy ( Table 1 ). This implies that GO-coatings and GO/Ag-coatings increase the biocompatibility and decrease the release of these metal ions from the NiTi alloy. AgNPs interact with each other and form a triangular lattice by donating 1-2 electrons to the graphene 26 . From the Raman spectra analysis, the GO-coated NiTi displayed the D bands at 1344/cm and G bands at 1603/cm. Similarly, the GO/Ag-coated NiTi alloy displayed the D bands at 1340/ cm and G bands at 1604/cm. The G band signifies the first-order scattering of sp 2 hybridized domains of C atoms on the GO-coatings 27 . This confirms that the graphene coatings on NiTi alloy but not another form of carbon. www.nature.com/scientificreports www.nature.com/scientificreports/ The I D /I G ratios were 0.83 for both GO-coated and GO/Ag-coated NiTi were consistent with other studies 28 . The GO-coatings were also confirmed from the XRD measurements. The peak observed at 12° was due to the stacking of the GO layers and it was absent in GO/Ag-coatings because of the presence of AgNPs on GO-coatings ( Fig. 3) . The presence of AgNPs in GO/Ag-coatings was also confirmed by the XRD measurements, i.e. the peaks observed at 2θ = 39° is attributed to the crystalline plane of AgNPs. From the surface profilometer, the mean thickness of the GO-coatings obtained was 1.13 µm and that of the GO/Ag-coatings was 1.35 µm as shown in Fig. 4a ,b,c. As the thickness of single-layer graphene and GO can vary from 0.5 to 2 nm 29 , the GO-coatings and GO/Ag-coatings on NiTi alloys are multilayers and GO/Ag-coatings consisted mixture (nanocomposite) of GO and Ag in our study. The surface roughness (R a ) determined from the AFM is 7.55 ± 1.7 for the bare NiTi, 11.67 ± 2.03 for the GO-coated NiTi, and 18.43 ± 2.43 nm for the GO/Ag-coatings NiTi alloys. Chembat et al. 30 found the R a of the bare NiTi alloy around 1.7 ± 0.1 nm. Similarly, Abdul et al. 31 studied on the graphene composite coatings on carbon steel and found the surface roughness (Ra) were 34 to 150 nm according to deposition temperature where they measured using AFM. The difference in R a values could be different due to the difference in the composition. In addition, the scan length/area used for the measurements of R a from AFM may also affect the R a values and longer scan lengths appeared to have resulted in a higher R a value. www.nature.com/scientificreports www.nature.com/scientificreports/ corrosion resistance. The surface morphology of the bare NiTi and coated samples following the potentiodynamic polarization experiments is shown in Fig. 4d ,e,f. The SEM image of the bare NiTi surface shows the pits on the surface with the pitting corrosion as a result of the attack of the electrolyte (especially chloride ions) present in the medium as shown in Fig. 4d . Pitting corrosion is a common corrosion behavior found in NiTi alloy and the pitting usually starts at the site of defect in the protective oxide layer. At a critical potential (in the higher anodic region), the protective layer on NiTi breaks and the chloride ions invade into the interior surface of NiTi and dissociation of Ni and Ti into a soluble complex of Ni and Ti chloride takes place 24 . The pitting was absent in the coated samples with only few tiny areas of surface deterioration following the attack of chloride ions showing corrosion protection ( Fig. 4e,f) .
The Potentiodynamic polarization curves with equivalent circuit model and Bode plots of the bare NiTi alloy, GO-coated and GO/Ag-coated NiTi alloys are shown in Fig. 5 . In our study, the Nyquist plots of the coated NiTi showed larger diameter than the bare NiTi alloy which represented higher corrosion resistance and lower corrosion rate. This is similar to the various other coatings, such as graphene/polyvinyl alcohol nanocomposite coating 24 , sol-gel film modified with GO 32 , and polyaniline/graphene composites 33 . The results of the electrochemical impedance spectroscopy (EIS) can be best fitted by the equivalent circuit model for both the bare NiTi alloy and coated substrates ( Fig. 5a ) and it consists of the electrolyte solution resistance (R s ), the charge transfer resistance of the corrosion reaction (R ct ), capacitance (C dl ), and Warburg impedance (Y o ), related to the diffusion of O 2 of the NiTi alloy (W). Our equivalent circuit model was slightly different from another study 34 . Their model represented a two-layer of the oxide film including barrier-like inner layer and a porous outer layer. In our study, GO-coated NiTi and GO/Ag-coated NiTi did not show distinct two-layer oxide as the coatings were on NiTi alloy, hence, the model was different in our study. Also, the Bode plots showed the absolute value of impedance against the plotted phase shifts (Fig. 5b ). The Bode plot showed less pronounced and frequency to measure the solution resistance. The electrochemical impedance spectroscopy (EIS) parameters of the bare NiTi alloy, GO-coated NiTi and GO/Ag-coated NiTi ( Table 2 ). The mechanism of corrosion of NiTi is anodic oxidation which takes place at the working electrode along with the reduction process in cathode which utilizes the electrons released during the oxidation of Ni and Ti. Various anodic and cathodic reactions that take place on the respective electrodes are given below.
At the cathode: reduction of O 2 as shown in Eqs. (1) and (2) .
At the anode: formation of corrosion products as shown in Eqs. (3) to (6) .
The GO-coated NiTi and GO/Ag-coated NiTi restrict either the anodic oxidization or prevents the contact of OHions. It is possible to inhibit the corrosion of NiTi. Besides, sufficient H 2 O and O 2 are needed for the corrosion to take place and dissolution of the NiTi 33 . Hence, GO and GO/Ag-coatings play an important role in increasing the diffusion pathways of H 2 O and O 2 molecules to the substrate. www.nature.com/scientificreports www.nature.com/scientificreports/ Corrosion potential (E corr ) and corrosion current density (i corr ) are used to evaluate the corrosion resistance of a coating and they are obtained from the intercept of Tafel slopes. The polarization potential curves of the bare NiTi alloy and coated NiTi alloy substrates ( Fig. 5c ). It showed that GO-coatings and GO/Ag-coatings changed the processes of the cathodic O 2 reduction reaction. This change has explained by the previous study 32 . Firstly, the good barrier property from GO layers and the increased cross-linking density of the coatings reduced the active surface area available for the attack of the corrosive medium which retarded the O 2 reduction reaction. Secondly, the slight electrical conductivity of GO decreases the resistance of the active surface. The potentiodynamic polarization results of the bare NiTi alloy and GO-coated and GO/Ag-coated NiTi alloy substrates ( Table 3) . The E corr measures the stability of the surface towards the corrosive environment. Compared to the bare NiTi, both GO-coated NiTi and GO/Ag-coated NiTi alloy substrates exhibited a positive shift of E corr , thus revealing the improved stability against corrosion of the bare NiTi alloy. The corrosion resistance behavior of GO-coatings and GO/Ag-coatings might be due to the barrier property and O 2 functional groups on its basal planes and edges. Similarly, the i corr of the GO-coatings and GO/Ag-coatings were lower than the bare NiTi alloy. Our results were corresponding to the other studies 25, 35 . Cheng et al. 25 found that graphene nanosheets improved the corrosion resistance of inorganic zinc-rich coatings due to the electrical conductivity of the graphene. In addition, the passive current density (i p ) is shown in Table 3 which indicates the applied potential for the bare NiTi, GO-coated NiTi and GO/Ag-coated NiTi substrates. As compared to the bare NiTi, both GO-coated NiTi and GO/Ag-coated NiTi substrates showed lower i p values. The lower values of i p indicates the higher stability of passive film formed on its surface 36 . These supports the corrosion protective barrier of GO-coating and GO/Ag-coating as mentioned previously.
Furthermore, the corrosion rate (ʋ corr ) of the bare NiTi alloy was 1.606 × 10 −5 mm/yr, whereas that of the GO-coated NiTi was 1.129 × 10 −6 mm/yr and for GO/Ag-coated NiTi was 1.961 × 10 −7 mm/yr. The corrosion rate of the bare NiTi in our study lies in between the results of other studies done by Zhang et al. 37 (2.4 × 10 −4 mm/yr) and Chembath et al. 30 (6. 98 × 10 −6 mm/yr). Furthermore, Zhang et al. 37 found that the corrosion rate of GO-coated NiTi alloy to be 1.4 × 10 −5 mm/yr but in our studies the GO-coated NiTi showed better corrosion resistance (1.129 × 10 −6 mm/yr) than theirs. The reason might be due to the use of low voltage (10 V) in their study than ours (30 V) for the coating using EPD. In addition, the GO/Ag-coated NiTi showed more corrosion resistance in our study which might due to presence of Ag which aided in the corrosion resistance. Additionally, the critical potential is the pitting potential (E pit ), where the pitting nucleation starts. This change in corrosion behavior was visualized clearly for the bare NiTi alloy at 0.215 V ( Table 3) . But for the GO-coated NiTi and GO/ Ag-coated NiTi, it showed more positive pitting potential. E pit value was 0.365 V for GO-coated NiTi and 0.467 V for GO/Ag-coated NiTi. This indicates that both GO-coated and GO/Ag-coated NiTi presented higher resistance to pitting corrosion than bare NiTi alloy. Finally, the protection efficiency (η) in our study was up to 89.24% for GO-coatings and up to 98.73% for GO/Ag nanocomposite coatings.
Ag nanoparticles (AgNPs) have shown potent antimicrobial properties against several pathogenic bacteria and virus 9, 38, 39 and they have wide biomedical applications, such as in medical diagnosis, wound sutures, surgical and prosthetic materials [40] [41] [42] . There have been some issues regarding the cytotoxicity of AgNPs on human cells but the toxicity of AgNPs is only seen at higher concentration 43 . In addition, AgNPs is only toxic in the suspension form at low silver ion fraction (5.5% fraction of 1.5 μg/ml Ag) than its supernatant 44 . Furthermore, in vivo oral exposure of AgNPs solutions at concentration of 10-and 32-ppm showed no clinical changes (in metabolic, hematologic, or urinalysis measures), and no morphological changes (in the lungs, heart or abdominal organs). Moreover, there were no significant changes in pulmonary reactive O 2 species or pro-inflammatory cytokine generation 45 . Therefore, AgNPs with well-controlled application in human body is still an active area of interdisciplinary research. Considering this fact, we used AgNPs at a very low concentration (0.1 mg/ml) for the GO/ Ag-coatings in our study and there would be no risk of Ag toxicity in human body if detached AgNPs from the www.nature.com/scientificreports www.nature.com/scientificreports/ coatings. Furthermore, because the main composition of the coatings is carbon and the Ag concentration used is very low, there is very low risk of galvanism from our GO/Ag-coatings due to dissimilar metals (presence of Ag with NiTi and other metals).
Although GBMs have wide coating applications 9,11,14-16 , the durability and stability are important concern for its long term use. Won et al. 46 studied the durability and degradation mechanism of graphene coatings on Cu and found that a few layers thick graphene coating was effective in increasing the durability of the Cu substrate under dry contact sliding. The critical point of failure depends on the uniformity and the amount of defect of the graphene coatings. This implies that if a coating is uniform and less defect, it has high durability and stability. From our SEM images, the coatings were uniform and defect free, hence, we assumed our coatings to be durable and stable. But study on the durability and stability of the electrodeposited graphene coatings is needed before long-term clinical applications of the coatings.
Graphene based coatings can be produced from various methods such as chemical vapor deposition, electrophoretic deposition, spin coating, etc. Although there are certain disadvantages of graphene, such as, graphene is a catalyst is its susceptibility to oxidative environments and ecotoxicity of graphene, but still, GBMs have enormous potential for application in the field of protective coatings. Further improvements and development are going on for graphene-based coatings and various materials like polymers and ceramics have been combined with graphene to fabricate durable, stable and improved coatings 47, 48 .
Viability assay and immune response by human oral fibroblasts. Hence, studying the immune response of GBMs is an important part. The biocompatibility of the GO-coated and GO/Ag-coated NiTi on human pulp fibroblasts (HPFs) were studied previously by -[4,5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT) assay using culture media containing 10% fetal bovine serum (FBS) 22 . In this study, to test the viability of HPFs and expression level of IL-6 and IL-8, we used culture media with 1% FBS Dulbeccou's Modified Eagle Medium supplemented with penicillin, streptomycin, amphotericin, L-glutamine (DMEM) to reduce the FBS induced cytokine production. Figure 6 shows the standard curve of the cell number, results of viability of the cells, and the cell morphology visualized in the light microscope after incubating for 24 hours in the conditioned medium of the bare NiTi, GO-coated NiTi, and GO/Ag-coated NiTi alloy. The cells were incubated for 24 hours assuming normally a material will release its maximum and active toxic products (if any) within 24 h and its toxicity decreases with time with decline in the concentration of the products 49, 50 . In addition, the incubation period was kept 24 hours which was short enough to avoid reagent toxicity but long enough to provide adequate sensitivity 51 . The results showed that the number of viable HGFs showed no significant difference among the bare NiTi, GO-coated NiTi, GO/Ag-coated NiTi, and control (P > 0.5).
The standard curves of IL-6 and IL-8 are presented in Fig. 7 . The mean values of IL-6 were 3.848 ± 1.54, 11.349 ± 1.377, 10.872 ± 3.029 and 10.674 ± 1.036 ( Fig. 7c ) and those of IL-8 were 2.539 ± 1.176, 5.612 ± 0.612, 5.29 ± 1.35 and 4.913 ± 1.09 (Fig. 7d ) in control, bare NiTi alloys, GO-coated NiTi, and GO/Ag-coated NiTi groups, respectively. The IL-6 and IL-8 levels of bare NiTi, GO-coated NiTi, GO/Ag-coated NiTi were significantly higher than the control (P < 0.001). The results are also similar to the results of Lategan et al. 52 and www.nature.com/scientificreports www.nature.com/scientificreports/ Markhoff et al. 53 . The former studied on the effect of GO nanoparticles (GONPs) on the immune system and that GONPs stimulated IL-6 and IL-10 synthesis by whole blood cell cultures. Hence, they concluded that GONPs modulate immune system biomarkers and that may pose a health risk to individuals exposed to this type of AgNPs. While, the latter investigated the biocompatibility and inflammatory potential of four titanium alloys (NiTi, forged Ti6Al4V, additive manufactured Ti6Al4V, and DLC-coated NiTi) using osteoblastic cell line MG-63 as well as human osteoblasts, fibroblasts, and macrophages, and tested various cytokines including IL-6 and IL-8 using ELISA. They found that no distinct cell-specific response could be observed for the materials and surface coating used. This means the results of biocompatibility and inflammatory potential were not significantly different between uncoated alloys and surface modified NiTi alloys. Furthermore, it is also found that graphene may activate certain immune cells and on the other hand, causes suppression of maturation of immune cells 54 . This immunomodulation can be useful in a developing new vaccine, novel drug delivery, and biosensors 8, 54, 55 .
Methods

Synthesis of graphene oxide (Go) solution and Go/Ag solution.
Graphene oxide (GO) powder with diameter 50 µm (Nanjing Jing Ji Cang Nano Technology Co., Nanjing, China) produced by a modified Hummers' method was used in this study 56 . The GO was produced by a graphite oxidation process using potassium permanganate and concentrated sulfuric acid. A 100 ml GO solution (0.01 mg/ml) was prepared in deionized (DI) water and ultrasonicated for 3 h. A 100 ml silver nitrate (AgNO 3 ) solution (0.1 mg/ml) was prepared and ultrasonicated for 20 min. The GO and AgNO 3 solutions were mixed and ultrasonicated for 30 min. Finally, an AgNPs solution was produced by chemical reduction using trisodium citrate (Na 3 C 6 H 5 O 7 ) as a stabilizing agent 57 . The GO/AgNO 3 solution was heated at 80 °C for 1 h and 10 ml of Na 3 C 6 H 5 O 7 (0.01 mg/ml) was added dropwise. The solution was maintained at 80 °C for 1 h and ultrasonicated for 20 min at room temperature to obtain a homogeneous GO/Ag solution. The potential of the suspension of GO solution and GO/Ag solution was measured by using a zeta potentiometer. A negative potential was found, i.e. −38 mV for GO solution and −39 mV for GO/ Ag solution.
preparation of niti alloy samples. Medical grade NiTi alloy substrates consisting of Ni (55.8 wt. %), Ti (44.1 wt. %), and other elements (0.1 wt. %) (Baoji Seabird Metal Material Co., Ltd, China) were cut into 40 × 20 × 1 mm plates. The NiTi alloy substrates were polished with silicon carbide paper up to number 2000 to obtain a uniform roughness. The NiTi alloy substrates were ultrasonically cleaned by sequential immersion in acetone, ethanol, and deionized water for 10 min each. The substrates were placed in Kroll's reagent consisting of 2 ml 40% nitric acid, 4 ml 40% hydrofluoric acid, and 994 ml deionized water for 10 min to remove any remaining oxide layer. Finally, the substrates were rinsed with DI water and dried. corrosion resistance. The corrosion resistance of the GO-coated NiTi and GO/Ag-coated NiTi were measured from a potentiostat with a standard three-electrode system using potentiodynamic polarization, and EIS measurement. Saturated calomel electrode, platinum electrode, and exposed NiTi alloy specimen with an area of 1 cm 2 were made as a reference electrode, a counter electrode, and a working electrode, respectively. All measurements were conducted in a 3.5% NaCl solution at 27 °C using the µAutolab electrochemical workstation (µAutolab Type III, Eco Chemie, Utrecht, Netherlands) controlled by controlled by Autolab NOVA software 1.11.2. The EIS measurement was carried out at OCP in the frequency range from 0.01 Hz to 0.1 mHz with an AC amplitude of 0.01 V. The waiting time for the stable OCP was set to be 600 seconds before EIS measurement. Nova 1.11 software was used to analyze the EIS results. The polarization curves were obtained from the Tafel plots from linear sweep voltammetry (LSV). The sweeping range of potential was −0.25 V below OCP to 0.75 V above OCP and the potential scan rate was 1 mV/s. Through the intersection of the cathodic and anodic Tafel curves employing the Tafel extrapolation method, the electrochemical parameters, corrosion potential (E corr ), and corrosion current density (i corr ) and corrosion rate (ʋ corr ) were calculated from the Eq. (7) . The ʋ corr , equivalent weight (EW) of the, and η of the bare NiTi, GO-coated NiTi and GO/Ag-coated NiTi were calculated using the following expressions as per ASTM G102 − 89 standards 58 : where i corr is corrosion current density, K is a constant that defines the unit of the corrosion rate (3.27 × 10 −3 mm g/μA cm year), i corr is corrosion current density, EW is equivalent weight, and ρ is the density of NiTi alloy (6.45 g/ cm 3 ) 30 , fi is the mass fraction of the i th element in the alloy or coating, Wi is the atomic weight of the i th element in the alloy or coatings, and ni is the valence of the i th element of the alloy or coatings, and i corr (bare) and i corr (coat) are corrosion current density for bare NiTi alloy and coated NiTi substrates, respectively. The passive current density (i p ) were measured midway between E pit and E corr . All the measurements were performed three times. The surface of some samples after the electrochemical tests were also examined. cell culture. Human pulp tissues were obtained from the extracted third molars as described in the previous study 59 . Pulp tissues were collected from sound 3 rd molar teeth of healthy patients who were undergoing 3 rd molar extraction, and pulp cells were cultured in DMEM culture media 22 . The cells were cultured at 37 °C in a humidified 5% CO 2 atmosphere. The culture medium was changed every 2 days. The cells were examined with a light microscope (Olympus, U-CMAD3, Tokyo, Japan). When the cells reached 80-90% confluence, the cells were sub-cultured using 0.25% trypsin-EDTA. The cell passage number 9 was used for this study. All cell culture media were purchased from GibcoBRLTM (InvitrogenTM, Grand Island, NY, USA). A total of 9 specimens of bare NiTi alloys (n = 3), GO-coated NiTi (n = 3), GO/Ag-coated NiTi (n = 3) of size; 3 × 5 mm were sterilized by autoclave.
Viability assay and cytokines assay using eLiSA. MTT assay was used to access the viability of HPFs using a method explained in the previous study 22 with some modifications. We used 1% FBS DMEM culture medium instead of 10% FBS DMEM. A total of 30,000 cells/well were cultured using a 24-well culture plate (NuncTM cell culture plate, Thermo Scientific, USA). Each specimen was immersed in 5 ml of culture media containing only 1% FBS DMEM, and the control group containing 5 ml 1% FBS DMEM and all were incubated at 37 °C for 24 hours. Finally, the precipitated formazan crystals were dissolved in dimethyl sulfoxide (DMSO) and the optical densities were measured at an absorbance of 570 nm. The supernatants of the NiTi alloy, GO-coated NiTi, GO/Ag-coated NiTi, and control (cell culture only) were collected and stored at −80 °C for ELISA. The
